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Introduction
The placenta is a fetal organ responsible for all nutrient, gas and waste exchange between mother and baby during pregnancy. As such, the function of the placenta is vital for fetal growth and pregnancy success. The human placenta contains specialised populations of epithelial cells called trophoblasts. One such population -called extravillous trophoblasts (EVTs) -grow out from the placental villi and invade into the maternal decidua where they breach the maternal spiral arteries that supply blood to the placental surface and remodel these vessels into wide non-vasoactive structures 1, 2 . For this process of spiral artery remodelling to be successful, two key trophoblast migration events are required 1) the migration of EVTs within the decidual stroma prior to arterial colonisation, and 2) the migration of a subset of EVTs (termed endovascular trophoblasts) along the arterial lumen down to the inner third of the myometrium. Trophoblast-induced remodelling of the spiral arteries results in an increased and constant supply of blood to the placenta as pregnancy progresses, and the importance of this process is highlighted in pregnancy disorders such as pre-eclampsia that are associated with inadequate spiral artery remodelling 3 .
As EVTs grow out from the placenta they differentiate from a proliferative phenotype in those cells proximal to the placental villus, to an invasive phenotype capable of migrating into the decidua. Understanding the factors that underlie successful trophoblast invasion and migration is key to understanding how they contribute to normal and abnormal placentation.
However, our ability to study this process accurately in vitro is confounded because; 1) the extent of trophoblast migration and invasion in humans is relatively unique within the animal kingdom, making common laboratory animal models unsuitable to model these events, 2) access to intact human implantation sites is extremely limited for obvious ethical reasons.
Furthermore, the isolation of primary EVTs is relatively time consuming, and these non-5 proliferative cells have a limited lifespan in culture 4 . In order to overcome these problems, researchers have used a range of in vitro tools from cell lines to explant models to try to better understand the factors that regulate trophoblast migration. Our ability to obtain meaningful information from these models is dependent both on understanding the limitations of each model, and developing accurate methods to quantify cell migration in order to relate it back to the complex in vivo situation. This commentary aims to discuss the advantages and disadvantages of techniques commonly used to quantify trophoblast migration and invasion, both from a cell biology and a mathematical perspective, and examines how such techniques could be improved to help us understand trophoblast migration more accurately.
Studying trophoblast migration in vitro
The acquisition of a migratory EVT phenotype, and the subsequent ability of these cells to invade the decidua does not result from one discrete differentiation event that can be directly measured, but rather is a continuous and complex process involving multiple changes in adhesion molecules and secreted proteases that is regulated by a large number of interacting cytokines arising from multiple cell types at the materno-fetal interface 5 . In order to better understand and quantify the complex factors regulating trophoblast invasion and migration, a wide range of in vitro models of trophoblast migration have been employed.
Cell lines
The cell lines used to study trophoblast migration/invasion can be broadly grouped into two categories; choriocarcinoma cell lines (including Jeg3, Jars, BeWos) 6, 7 , and those derived from immortalized isolated primary trophoblast populations (including HTR-8/SVneo, TEV-6 1 and SGHPL-4) [8] [9] [10] . Whilst cell lines provide a convenient, high-throughput tool to study trophoblast migration, they exhibit some important differences from primary EVTs, meaning that caution needs to be exercised in interpreting the results of these studies. For example, choriocarcinoma derived cell lines are characterized by their transformation from normal EVTs to highly invasive cancerous cells with extensive abnormalities in chromosome number (>70) and rearrangement 11 . The pathological extent of choriocarcinoma invasion in vivo also far exceeds normal EVT invasion, demonstrating that choriocarcinoma invasion is regulated differently from normal EVTs. Whilst cell lines generated from isolated primary cytotrophoblasts or EVTs improve on choriocarcinoma cell lines, by virtue of their immortalisation these cell lines are proliferative, whereas in vivo, differentiated invasive
EVTs have exited the cell cycle. Thus, no cell line is truly able to represent invasive primary EVTs.
Isolated primary trophoblasts
The isolation of trophoblasts from first trimester placentae has an advantage over cell lines in that it enables researchers to study the cells of interest directly. The most commonly isolated cell population are cytotrophoblasts, which can be extracted from first trimester or term placentae 12, 13 . When employing these cells to the study trophoblast migration it is crucial to assess the purity of cell isolates, as cytotrophoblast isolation procedures are prone to contamination with low levels of fibroblasts that are highly motile and multiply rapidly in culture 14 . A number of researchers have reported that first trimester cytotrophoblasts exhibit invasive activity (indicative of EVT differentiation) following culture on Matrigel [15] [16] [17] , but the resulting cell population is frequently not well characterised, and the proportion of differentiated EVT progeny obtained is unclear. In contrast, cytotrophoblasts isolated from 7
term placentae appear to demonstrate a greater propensity to syncytialise in culture and do not differentiate into an invasive EVT phenotype 18 .
In order to overcome these difficulties, methods of isolating EVTs directly from first trimester placentae have been developed 4 
Explant culture models
Primary EVTs can also be generated in vitro from explant cultures. Such villous explant models involve the culture of small pieces of first trimester placental tissue on type I collagen or Matrigel, resulting in the formation of EVT outgrowths from the tips of anchoring villi in contact with the extracellular matrix substrate [20] [21] [22] [23] [24] . In any culture only a proportion of explants produce trophoblast outgrowths, dependent on the culture conditions employed and the tissue gestation 22, 24, 25 . The formation of these EVT outgrowths represents the first stages of villous cytotrophoblast differentiation into the EVT lineage, and further expansion of the outgrowth can then be used to study EVT migration and/or invasion. Explant models allow 8 some of the complex multi-cellular interactions driving EVT migration/invasion in vivo to be replicated in vitro by ensuring structural and paracrine relationships between cells in the villi and those in the outgrowths are maintained. However, like primary EVTs, the villous explant tissue itself has a limited period of viability in culture, meaning that outgrowth expansion can only be tracked for a few days 26 .
Functional assays to study trophoblast migration
The above cell models can be used in a number of functional assays to study trophoblast migration in vitro. The migratory or invasive capacity of a cell can be correlated with changes in expression of well characterised adhesion molecules and matrix digesting enzymes, which in EVTs include α5β1 and α1β1 integrins, matrix metalloproteinases 2 and 9, and urokinase plasminogen activator. Here however we will focus on the use of cell-based assays to directly visualise trophoblast migration and invasion. The simplest of these is wound healing assays [27] [28] [29] , where cell lines are grown to near-confluence, and then a 'wound' in the monolayer is created by mechanical or enzymatic means 30 . The migration of cells into this cell-free region is then monitored either by time-lapse microscopy, or over a set timecourse, and the proportion of the wound filled with cells quantified by digital image analysis.
Thus, the longer a wound takes to fill, the less migratory the cells in those culture conditions are considered to be. The major limitation to this approach is that cell proliferation is not frequently quantified alongside wound healing, and thus the relative effects of proliferation and migration in closing the wound can become difficult to determine by simple endpoint analysis. Furthermore, the most commonly used method of mechanical scraping to create the cell-free region often results in non-uniform wounds and variable levels of cell injury, meaning experiments can be difficult to replicate 30 . Finally, wound healing assays tell us only about trophoblast migration, and not about the capacity of trophoblasts to invade 9 through extracellular matrices or into the decidua. Thus, to relate these findings to the in vivo situation such experiments should be backed up by additional studies of trophoblast invasion.
Matrigel invasion assays provide a more direct measure of the invasive capabilities of trophoblasts. In these experiments, trophoblasts (cell lines, isolated primary cytotrophoblasts or EVTs) are plated into the upper chamber of Matrigel-coated polycarbonate membrane
Transwell inserts (usually 8 or 12um pore size), and the invasion of cells through the membrane is quantified over 24-72 hrs of culture 27, 31 . Trophoblasts are then visualised by immunohistochemistry, histological staining or pre-labelling with fluorescent cell tracker dyes, and the number of cells on the lower portion of the membrane quantified 27, 32 . To drive trophoblast migration, cells are usually plated in serum-free media, and migrate towards serum-containing medium in the lower chamber, but experiments to test specific chemoattractants can also easily be established. As light cannot be transmitted through the membrane, and cells cannot be imaged by time-lapse microscopy while moving through multiple focal planes, Matrigel invasion assays are limited to endpoint analysis. Thus it is important to optimise the chosen endpoint to the experimental conditions used. An alternative approach to Matrigel invasion assays is to embed trophoblast spheroids in fibrin gel, then quantify the average number and length of invasive processes from each spheroid following a set culture period 33 . Whilst this method allows trophoblasts to be visualised in situ, and provides more detailed morphological information, invasive processes can only be imaged in two-dimensions and the requirement for spheroid generation means that this method is somewhat restricted to cell lines.
In vivo, trophoblasts migrate away from the placental villus and into the maternal decidua, and their stimulus to do this is driven by complex chemotactic signals arising from both of these locations. In vitro, this can in part be replicated by tracking trophoblast migration towards single chemoattractants 33, 34 , but to more closely mimic the complex in vivo situation researchers have used explant models of EVT outgrowth that allow structural and paracrine relationships to be maintained. Traditionally, many villous explant models embedded explants in a thick layer of Matrigel 21, 23, 35 . In these systems the EVT outgrowths can expand and migrate in three-dimensions by actively invading through the Matrigel, but the accurate visualisation and quantification of the resulting outgrowth volume can become problematic 21, 23, 35 . It is also possible to culture villous explants on top of an extremely thin layer of Matrigel ( Figure 1A , B) 20, 24, 33 . This model has the advantage that EVT outgrowths grow in a two-dimensional (2D) layer that spreads across the Matrigel surface, making outgrowths easily detectable and readily quantifiable. In addition, growth factors often found in Matrigel are kept to a minimum and are less likely to confound experimental results. However, while 2D models can accurately portray EVT expansion and migration across the surface of the Matrigel, as EVTs do not penetrate the extracellular matrix to facilitate outgrowth expansion such models do not provide data on EVT invasion.
Even in a 2D system, the quantification of EVT outgrowth presents some challenges. Interplacental and inter-explant data often shows high levels of variance, requiring in a large number of explant replicates to obtain meaningful results 24, 36 . This need for high-throughput experiments is further confounded by the difficulties in developing automated methods to readily quantify EVT outgrowth expansion and migration in these models as images are often captured in phase contrast, which presents problems for automated image analysis algorithms that need to clearly delineate cell boundaries in a binary manner.
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Finally, co-culture models have been used to replicate some of the cell-cell interactions that may influence trophoblast migration in vivo. Such models usually involve the culture of trophoblasts with either endothelial cells to mimic migration down the spiral artery lumen 34, 37 , or endometrial stromal cells to mimic the interactions that occur during invasion through the decidua 38, 39 . In such scenarios endothelial or stromal cells are grown to confluence, then trophoblast seeded on top of these monolayers, either in a single cell suspension, or in preformed trophoblast spheroids that mimic the first trophoblast migration and invasion events during blastocyst implantation. In some instances, co-culture models have been advanced even further towards the in vivo scenario by culturing trophoblasts with segments of uterine spiral arteries 40 or culturing placental villous explants with decidual tissue 41 . Different cell types can be distinguished either by immunohistochemistry at the end of the culture period, or pre-labelling with fluorescent tracker dyes. In 2D cultures, fluorescent labelling has the advantage of allowing migration to be monitored in real-time by fluorescent time-lapse microscopy, from which the speed and direction of both cell populations, and the influence of co-culture on these parameters, can be quantified 34 .
Quantifying trophoblast migration
Data describing EVT migration and invasion can thus be divided into three broad groups; 1)
surrogate markers of invasion such as matrix metalloprotease production and adhesion molecule expression, 2) endpoint assays where the number of invaded cells is quantified after a set culture period, or 3) analysis of time-lapse microscopy data that allows cellular speed and directionality to be tracked in real-time. This final option allows for a more readily quantifiable and accurate understanding of cell migration, but is under-utilised used in the study of trophoblast migration. This perhaps results from the labour intensive frame by frame analysis required to manually track cell migration in time-lapse datasets 33 , which restricts the numbers of cells able to be quantified, and thus the ability to extract meaningful information from the data. Here, we present different approaches to the development of automated imaging algorithms that may aid our ability to accurately interpret trophoblast migration in vitro.
Time-lapse imaging provides snapshots of cell locations as they migrate and proliferate in culture ( Figure 1C-H) . To manage the size of the dataset, images must be acquired at physiologically appropriate time points. In the case of trophoblast migration assays images are typically acquired at 10-15 minute intervals over periods of several hours, with a number of repeat assays 34, 42, 43 . Therefore, tens to hundreds of cells need to be tracked over 50-100 time points, which is a lengthy process if conducted manually. Automatic algorithms to detect cellular regions, and to identify cell types via fluorescent properties, are the ideal way to analyse time-lapse data. Useful summaries of available tracking tools and the current limitations of these tools is given by Meijering et al. 44, 45 , and their differences quantified 46 .
Automatic algorithms often have to be tested and modified on a case-by-case basis to account for levels of fluorescence or noise in a particular experiment, and often fail to track individual cells through time if cells can 'climb over each other' in a monolayer or if they change shape and 2D size when they move, both common occurrences in trophoblast cultures (Figure 1 In contrast to individual cell tracking, the network approach to analysing time-lapse imaging considers the image sequence as a whole by assessing changes in image pixel intensity over time 34 . Phase images at each time point provide a matrix with variable intensities allowing 15 discrimination between cellular and acellular regions. Combined with fluoresence imaging one can distinguish between cell types. As cells move the intensity of image pixels changes from frame to frame in the image sequence and so the velocity of cells and/or cell clusters can be estimated from time-lapse imaging over time without having to identify the location of discrete cells. This analysis technique has been tested against manual tracking of sampled cells within a population and has been shown to perform well in assessing cell velocity or directional bias in cell movement in comparison to cells sampled from time-lapse imaging 34, 48 . When the dataset presented here was assessed tracking every cell individually, the same trends as network analysis were observed, and thus both techniques provide similar experimental outcomes. However, as network methods do not distinguish between individual cells, they cannot assess cell clustering, which is problematic for the assessment of cells like trophoblasts that change in 2D shape or size as they migrate, thus affecting the algorithms ability to treat them as a single cell, or cells that migrate towards each other to create multicellular groups.
Future directions
Despite the wealth of information contained in time-lapse imaging of trophoblast migration, most studies have focussed on identifying differences in very simple measures (such as average cell velocity), whereas more subtle and interesting differences may be present when stimuli (chemoattractants or flow) are applied to the system. Across biological fields similar data has been used successfully in conjunction with computational models to gain more in depth understanding of the mechanisms of cell behaviour in vitro 50 . These models can help to reconcile data between in vitro systems and to hypothesise how the in vitro observations translate to the in vivo system. Computational models can be used to predict how individual contributors to cell migration (e.g. oxygen levels and blood flow) result in whole population dynamics, and can be built upon to include complex cell-cell signalling networks 51, 52 . The future of trophoblast migration studies may be to apply these tested techniques to build upon our knowledge of the mechanisms controlling trophoblast invasion and spiral artery remodelling. Indeed, our ability to capture data on trophoblast migration data that can be used in this way to understand normal and pathological placentation is of particular importance given the difficulties that studying the process in vivo entails.
Regardless of the experimental technique employed in assessing trophoblast migration a consistent set of metrics can be calculated to allow model development. Quantities of interest include:
1. The diffusivity of cells, or the random movement of cells in the absence of -or in addition to -movement under mechanical or chemoactive stimuli. A diffusive process has an equal probability of a cell moving in any direction (there is no directional bias) and a 'diffusion coefficient' is typically obtained from time-lapse imaging by assessment of the cumulative root mean square displacement of cells over time 44 , and from wound healing or cell spreading assays by tracking the front of moving cells 53 . It should be noted that diffusivity can be influenced by geometry, and the density of cells in a culture 53 .
2. The level of active movement, or the influence of stimuli on cell movement. This can be assessed by calculating the distribution of cell movement (do cells preferentially move toward or away from a stimulus) 34, 42 , whether cells move more rapidly toward or away from stimuli 34 , and whether there a persistence in cell movement (once a cell starts moving in a particular direction does it keep moving that way) 42 .
3. The extent of cell clustering including whether cell types attract/repulse one another or if they behave differently in the vicinity of other cells. This metric is subtler than cell velocities; cell clustering can occur as a result of experimental error, and clustering that appears apparent when a user views time-lapse imaging may be random and so insignificant. However, computational techniques are available to quantify whether cell clustering is significant in an image sequence 54 .
4. The relative contribution of each of the above factors, and other metrics of interest in a particular assay such as cell proliferation and apoptosis, to collective motion. This balance cannot always be assessed directly from standard metrics obtained via timelapse imaging. Therefore, computational models provide an invaluable tool in building a complete picture of cell motility.
Each of these metrics can be extrapolated from time-lapse imaging datasets using the location of cells over time, and do not necessarily rely on knowledge of the trajectory of individual cells 48 . While it may not be practical to report these metrics in each study, storage of data in curated repositories, which can be linked to publication data should be encouraged 55 . This will allow their future use in parameterising computational models, which may like their counterparts in other biological fields ultimately provide a library of cell behaviours that can be combined to assess the relative influence of stimuli and cell-cell interactions in vivo.
Conclusion
Trophoblast migration plays an important role in human placentation, and as a result many laboratories use a range of in vitro models to assess the how environmental cues such as cytokines, shear stress or oxygen tension affect trophoblast migration. The choice of model used is likely to be restricted by the tissue and microscopy resources available, and while cell 
